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Abstract—This paper proposes a stochastic optimization method 
that produces bidding curves to be submitted by an aggregator 
to the day ahead wholesale markets taking into account the 
possible imbalance costs as well as the uncertainty of the 
forecasts (market price, demand and renewable generation for 
the next day). A formulation is proposed, which yields a linear 
optimization problem of moderate dimension with short 
computation times. The result of applying this technique is an 
increase in revenues of the aggregator from the trading of the 
resources that it represents. The benefits are assessed, by 
comparing it with a standard deterministic optimization 
technique. 
Index Terms--Distributed energy resource, energy management 
system, Energy market, smart grid, stochastic programming. 
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Indices 
h   ,QGH[RIWLPHLQWHUYDOV 
dp ,QGH[RIGD\DKHDGSULFHVVFHQDULRV
rp ,QGH[ RI VFHQDULRV RI UHQHZDEOH SURGXFWLRQ PLQXV
IL[HGGHPDQG
w ,QGH[ RI VFHQDULRV RI WKH JOREDO UDQGRP YDULDEOHV

Continuous variables 

 7RWDOJULGQHWSRZHULQSHULRGt, VFHQDULR dp >N:@
 7RWDO GHYLDWLRQ EHWZHHQ SURGXFHG DQG VFKHGXOHG
HQHUJ\PDQDJHGE\WKHDJJUHJDWRULQSHULRGWVFHQDULR
Z>N:@

 3RVLWLYH GHYLDWLRQ LQFXUUHG E\ WKH   DJJUHJDWRU
VFHQDULRw>N:@

 1HJDWLYH GHYLDWLRQ LQFXUUHG E\ WKH DJJUHJDWRU
VFHQDULRw>N:@

 7RWDOVFKHGXOHGGHPDQGLQSHULRGt, VFHQDULR dp>N:@

 3RZHU IURP EDWWHULHV WR JULG SHULRG t, VFHQDULR dp 
>N:@

 3RZHU IURP JULG WR EDWWHULHV SHULRG t, VFHQDULR dp 
>N:@

 6WRUHGHQHUJ\LQSHULRGt, VFHQDULR dp >N:K@
Random variables 
 'D\DKHDG PDUNHW SULFH LQ SHULRG t VFHQDULR w
>¼N:K@
  5HQHZDEOHSURGXFWLRQPLQXVQRQFRQWUROODEOHGHPDQG
LQSHULRGWVFHQDULRw>N:@
Constants and data 
 3UREDELOLW\RIRFFXUUHQFHRIVFHQDULRw
  3KRWRYROWDLFJHQHUDWLRQLQSHULRGtVFHQDULRw>N:@
  :LQGJHQHUDWLRQLQSHULRGtVFHQDULRw>N:@

  7RWDOIL[GHPDQGLQSHULRGtVFHQDULRw>N:@
 5DWLREHWZHHQSRVLWLYHLPEDODQFHSULFHDQGGD\DKHDG
PDUNHWSULFHLQSHULRGt
 5DWLR EHWZHHQ QHJDWLYH LPEDODQFH SULFH DQG GD\
DKHDGPDUNHWSULFHLQSHULRGW
 ,QVWDOOHGFDSDFLW\RIWKHJULG>N:@
 &RQWUDFWHGSRZHUIRUWKHJULGXVHUV>N:@
 'DLO\OLPLWRIWRWDOVFKHGXOHGHQHUJ\>N:K@
0D[LPXPSRZHUIURPWKHEDWWHULHV>N:@
0D[LPXPSRZHUWRWKHEDWWHULHV>N:@
 0D[LPXPHQHUJ\LQWKHVWRUDJHV\VWHP>N:K@
 0LQLPXPHQHUJ\LQWKHVWRUDJHV\VWHP>N:K@
 0D[LPXPVFKHGXOHGGHPDQG>N:@
 (IILFLHQF\RIJLYLQJEDFNWKHVWRUHGHQHUJ\
 (IILFLHQF\RIVWRULQJHQHUJ\
 (QHUJ\ORVVHVLQVWRUDJHV\VWHP>N:K@
 ,QLWLDOYDOXHRIWKHVWRUHGHQHUJ\>N:K@
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6PDUW JULGV ZLOO EH WKH IXWXUH VWDQGDUG DW GLVWULEXWLRQ
OHYHO DIWHU JHQHUDOL]DWLRQ RI DFWLYH GHPDQG DQG GLVWULEXWHG
JHQHUDWLRQ 7KH GLVVHPLQDWLRQ RI WKRVH QHZ GHYLFHV LV
FXUUHQWO\DPDMRUFKDOOHQJHIRUUHJXODWRUVDQGJULGRSHUDWRUV
EXWLWDOVRRSHQVDODUJHILHOGRIRSSRUWXQLWLHVWRXVHEHWWHUDOO
WKHUHVRXUFHVDYDLODEOHLQWKHJULGLQRUGHUWRDFKLHYHDVDIHU
FKHDSHUDQGPRUHVXVWDLQDEOHHOHFWULFVXSSO\
7KLVZRUNKDVEHHQVXSSRUWHGE\(XURSHDQSURMHFW,'(/5HI)3
60$57&,7,(6DQGWKH6SDQLVKSURMHFW5(6PDUW5HI
(1(&5 
1
7KHDJJUHJDWRUZLOOSOD\DNH\UROHLQWKHIXWXUHUHJXODWLRQRI
WKH 6PDUW *ULG 7KLV DJHQW PLJKW SDUWLFLSDWH LQ WKH SRZHU
PDUNHW FRRUGLQDWLQJ FRQVXPHUV GLVWULEXWHG JHQHUDWLRQ
UHVRXUFHVDQGVWRUDJHGHYLFHVLQRUGHUWRSURFXUHHQHUJ\VHOO
WKH HQHUJ\ H[FHVV DQG PDQDJH WKH IOH[LELOLW\ RI WKH VHW RI
FXVWRPHUV UHSUHVHQWHG E\ LW ,WV IXWXUH VWDWXV LV EHLQJ
FXUUHQWO\GLVFXVVHGEXWLWVDFWLYLW\FRXOGHQFRPSDVVWKHUROH
RID UHWDLOHU D IOH[LELOLW\PDQDJHUDQGDEDODQFH UHVSRQVLEOH
SDUW\ RU PDUNHW DJHQW ,Q WKH SDSHU ZH IROORZ WKLV ZLGH
GHILQLWLRQ RI WKH DJJUHJDWRU DQG VWXG\ LWV WDVN RI HQHUJ\
SURFXUHPHQWIRUWKHFXVWRPHUVUHSUHVHQWHGE\LW>@>@
2QHRIWKHSUREOHPVIDFHGE\WKHVHDJJUHJDWRUVLQWKLVSDUWRI
LWV DFWLYLW\ LV WKH XQFHUWDLQW\ RI WKH FRQVXPSWLRQ DQG
JHQHUDWLRQ RI LWV FXVWRPHUV VSHFLDOO\ EHFDXVH PXFK RI WKH
JHQHUDWLRQZRXOG OLNHO\ EH SKRWRYROWDLF RU QRQGLVSDWFKDEOH
DQGWKH\ZLOOQHHGWRXVHIRUHFDVWVWRVXEPLWWKHLUELGVWRWKH
HOHFWULFLW\PDUNHWV7KLVXQFHUWDLQW\PHDQVWKDWWKHLPEDODQFH
EHWZHHQWKHVFKHGXOHDQGWKHDFWXDOSURGXFWLRQFRQVXPSWLRQ
ZLOO EH KLJK DQG WKLV LPSOLHV LPEDODQFH FRVWV 7KHVH FRVWV
FDQEHUHGXFHGXVLQJSUREDELOLVWLFRSWLPL]DWLRQPHWKRGV
7KHDJJUHJDWLRQRIGHPDQGDQG'(5DOORZVWRJDLQDFFHVVWR
HQHUJ\ PDUNHWV DQG KHQFH WR PD[LPL]H WKH UHYHQXH
$GGLWLRQDOO\LWFDQEHFRQYHQLHQWWRWKHV\VWHPRSHUDWLRQ>@
7KHDJJUHJDWLRQFRQFHSWPRUHH[WHQGHGLVWKH9LUWXDO3RZHU
3ODQW 933 ZKLFK VHOO EX\ RU VWRUH HQHUJ\ IROORZLQJ WKH
SULFHVLJQDO
8QFHUWDLQW\RI'(5DQGPDUNHWSULFHVDUHWDNHQLQWRDFFRXQW
LQ GLIIHUHQW RSWLPL]DWLRQ PRGHOV LQ RUGHU WR PD[LPL]H WKH
DJJUHJDWRUH[SHFWHGSURILWDQGUHGXFHLWVFRVWV5HIHUHQFH>@
SUHVHQWV D ELOHYHO VWRFKDVWLF PRGHO WR SDUWLFLSDWH LQ WKH
SRZHU PDUNHW 5HIHUHQFH >@ SURSRVHV D OLQHDU VWRFKDVWLF
SUREOHP IRU DZLQG SRZHU SURGXFHU LQ DQ HOHFWULFLW\PDUNHW
ZLWK GLIIHUHQW WUDGLQJ VWDJHV 5HIHUHQFH >@ XVHV UREXVW
RSWLPL]DWLRQ 52 WR VROYHDQHQHUJ\PDQDJHPHQWSUREOHP
5HIHUHQFH >@ SURSRVHV D VWRFKDVWLF PL[HGLQWHJHU OLQHDU
SURJUDPPLQJPRGHOWRVROYHWKHYLUWXDOSRZHUSODQWSUREOHP
,Q >@ SDUDOOHOGLVWULEXWHG RSWLPL]DWLRQ 25; LV XVHG WR
RSWLPL]H WKH ORDG VFKHGXOH RI XVHUV WR PLQLPL]H WKH XWLOLW\
FRPSDQ\¶VFRVWDQGXVHUSD\PHQWV
7KLV SDSHU SURSRVHV DQ HQHUJ\ PDQDJHPHQW DOJRULWKP WR
SURGXFHRSWLPDOELGGLQJFXUYHV IRU WKHGD\DKHDGZKROHVDOH
PDUNHWV WDNLQJ LQWRDFFRXQW WKHSRVVLEOH LPEDODQFHFRVWVDV
ZHOODVWKHXQFHUWDLQW\RIWKHIRUHFDVWVWKHPDUNHWSULFHVWKH
UHQHZDEOH JHQHUDWLRQ DQG WKH GHPDQG IRU WKH QH[W GD\7KH
VWRFKDVWLFDSSURDFK IROORZHG LQ WKLVZRUN LVDQH[WHQVLRQRI
>@ OHDGLQJ WRD OLQHDU IRUPXODWLRQRIPRGHUDWHGLPHQVLRQ
7KH REMHFWLYH RI DSSO\LQJ WKLV WHFKQLTXH LV WR LQFUHDVH WKH
UHYHQXHVDQGUHGXFHWKHFRVWRIWKHHQHUJ\SXUFKDVHGE\WKH
DJJUHJDWRU 7KH SDSHU GRHV QRW GHDO ZLWK WKH SULYDWH
DJUHHPHQWVEHWZHHQWKHDJJUHJDWRUDQGLWVFXVWRPHUVZKLFK
FRXOGEHEDVHGRQORQJWHUPFRQWUDFWV
7KH RSWLPL]DWLRQ SUREOHP GHYHORSHG KHUH LV VHW IRU D
FXVWRPHU¶V SRUWIROLR WKDW LQFOXGHV IOH[LEOH GHPDQG
UHQHZDEOHV DQG EDWWHULHV IRU D ZKROH GD\ 7KHQ WKH EHVW
VWUDWHJ\ IRU WKH PDQDJHPHQW RI WKH IOH[LELOLW\ DQG VWRUDJH
FDSDELOLWLHVRIWKLVSRUWIROLRLVFKRVHQ
7KHPHWKRGLVDSSOLHGWRWKHEHQFKPDUN09JULGRI&,*5(
>@ZLWKGLVWULEXWHGJHQHUDWLRQ7KHEHQHILWVRIWKHSURSRVHG
PHWKRG DUH DVVHVVHG E\ FRPSDULQJ LW ZLWK D VWDQGDUG
GHWHUPLQLVWLF RSWLPL]DWLRQ WHFKQLTXH 7KH PHWKRG KDV EHHQ
LPSOHPHQWHGLQ0$7/$%
,, 63$1,6+:+2/(6$/((/(&75,&,7<0$5.(7$1'
%$/$1&,1*0$5.(7
7KH HQHUJ\ WUDGHG LQ WKH 6SDQLVK ZKROHVDOH SRZHU
PDUNHW LVPRVWO\ QHJRWLDWHG LQ WKH GD\DKHDGPDUNHWZKHUH
SXUFKDVHDQGVDOHELGVIRUGD\'PXVWEHVHQW WR WKHPDUNHW
RSHUDWRU20,(EHIRUHWKHJDWHFORVXUHDWDPRIGD\'
 7KH WUDQVDFWLRQV LQ WKLV SRRO DUH VHWWOHG DW WKH PDUJLQDO
SULFHDYDLODEOHLQ>@
,Q FXUUHQW PDUNHWV WKH 762 LV LQ FKDUJH RI HQVXULQJ D
EDODQFHG V\VWHP RSHUDWLRQ 7KH HQHUJ\ LPEDODQFHV EHWZHHQ
JHQHUDWLRQ DQG GHPDQG DUH FRUUHFWHG PDNLQJ XVH RI WKH
EDODQFLQJ VHUYLFHV ZKRVH FRVWV DUH FRYHUHG E\ WKRVH
LQFXUULQJ LQ LPEDODQFH ,I WKLV LV SRVLWLYH WKHQ WKH HQHUJ\
VXUSOXV LVSDLGIRU WKHLURYHUSURGXFWLRQDW WKHVHOO LPEDODQFH
SULFH ORZHURUHTXDOWRWKHGD\DKHDGPDUNHWSULFH2Q
WKHFRQWUDU\LIWKHLPEDODQFHLVQHJDWLYHWKHHQHUJ\PXVWEH
ERXJKWDW WKHEX\ LPEDODQFHSULFH KLJKHURUHTXDO WKDQ
WKHGD\DKHDGPDUNHWSULFH7KHLPEDODQFHSULFHVGHSHQGRQ
WKH VLJQ RI WKH QHW V\VWHP LPEDODQFH 7KH UHODWLRQ EHWZHHQ
LPEDODQFHDQGPDUNHWSULFHPD\EHZULWWHQ LQ WKH IROORZLQJ
ZD\
 



    



   
$OWKRXJKLQWKHIXWXUHWKHDJJUHJDWRUVPLJKWDOVRSDUWLFLSDWH
LQ WKHEDODQFLQJPDUNHW WKLV SRVVLELOLW\ LV QRW FRQVLGHUHG LQ
WKHSUHVHQWZRUN
7KH DJJUHJDWRU REMHFWLYH ZLOO EH WR PLQLPL]H WKH FRVW RI
WUDGLQJ HQHUJ\ LQ WKH GD\DKHDGPDUNHW WDNLQJ LQWR DFFRXQW
WKH FRVW RI WKH LPEDODQFH EHWZHHQ LWV VFKHGXOHG DQG DFWXDO
SURGXFWLRQ
,,,352%/(0&216,'(5$7,216$668037,216
7KH DJJUHJDWRU FRQVLGHUHG KHUH PDQDJHV GLIIHUHQW
JHQHUDWLRQUHVRXUFHVEDWWHULHVDQGGHPDQGRIGLIIHUHQWNLQGV
)XUWKHUDVVXPSWLRQVDUH,WSUHVHQWVDVLQJOHELGFXUYHLQWKH
GDLO\ PDUNHW IRU HDFK WLPH LQWHUYDO RI WKH SURJUDPPLQJ
KRUL]RQ  KRXUV LQ WKH 6SDQLVK HOHFWULFLW\PDUNHW DQG IRU
WKH DJJUHJDWHG FXVWRPHUV JHQHUDWLRQ DQG GHPDQG WKDW WKH
DJJUHJDWRU UHSUHVHQWV  7KH DJJUHJDWRU FDQ XVH VWRUDJH
GHYLFHVEDWWHULHV$QGWKHEX\DQGVHOOSULFHRIWKHHQHUJ\
DUH WKH VDPH 7KH GLIIHUHQW NLQGV RI JHQHUDWLRQ DQG GHPDQG
DUHGHVFULEHGEHORZ
A. Demand 
7ZRNLQGVRIGHPDQGDUHFRQVLGHUHGQDPHO\
 Noncontrollable demand.
7KLV GHPDQG PLJKW EH DVVLPLODWHG WR FHUWDLQ PDQXDOO\
RSHUDWHG DSSOLDQFHV RU V\VWHPV VXFK DV OLJKWLQJ FRPSXWHUV
WHOHYLVLRQV YDFXXP FOHDQHUV HWF 7KLV W\SH RI GHPDQG LV
VXSSOLHG WR WKH XVHUZLWKRXW UHVWULFWLRQV ZLWKLQ WKH OLPLW RI
2
WKHFRQWUDFWHGSRZHUEXWLWVYDOXHLVQRWNQRZQEHIRUHKDQG
DQGWKHDJJUHJDWRUPXVWIRUHFDVWLWVRPHKRZ
)RU WKH VLPXODWLRQV SHUIRUPHG LQ WKLV SDSHU WUDMHFWRULHV RI
SRVVLEOH GHPDQG SUHGLFWLRQ ZLWK WKH GHVLUHG HUURU DUH
JHQHUDWHG IURP D JLYHQ FRQVXPSWLRQ SDWWHUQ WDNLQJ LQWR
DFFRXQW WKH WLPHGHSHQGHQFHRI WZR FRQVHFXWLYH WLPH VWHSV
,Q WKLV ZD\ GLIIHUHQW SRVVLEOH WUDMHFWRULHV RI IRUHFDVWHG
GHPDQGDUHFDOFXODWHGDQGXVHGLQWKHRSWLPL]DWLRQSURFHVV
 Scheduled demand (shiftable)
7KLVGHPDQGFDQEHVFKHGXOHGDORQJDJLYHQSHULRGRQHGD\
IRU LQVWDQFH EXW WKH DPRXQW RI HQHUJ\ WR EH FRQVXPHG LV
IL[HG7KHRSWLPL]DWLRQSURFHVVGHVFULEHGEHORZWHQGVWRVKLIW
WKLVGHPDQGWRWKHKRXUVRIWKHGD\RIORZHUSULFHV7KLVNLQG
RIGHPDQGFRXOGEH DVVLPLODWHG WR HOHFWULFYHKLFOHV RU QRQ
FULWLFDOGHYLFHVHJZDVKLQJPDFKLQHVGLVKZDVKHUV>@
B. Generation 
2QO\UHQHZDEOHHQHUJ\LVFRQVLGHUHGLQWKHH[DPSOHQDPHO\
VRODU DQG ZLQG JHQHUDWLRQ 1RQH RI WKHP FDQ EH VFKHGXOHG
DQGKHQFHWKHDJJUHJDWRUPXVWIRUHFDVWWKHSURGXFWLRQIRUWKH
FRQVLGHUHGWLPHLQWHUYDOWKDWLVRQHGD\LQRXUIRUPXODWLRQ
7KH VRODU DQG ZLQG SURGXFWLRQ IRUHFDVWV DUH FUHDWHG LQ D
VLPLODUZD\WRWKHGHPDQGIRUHFDVWLQJ7RDEDVLFSDWWHUQRI
VRODU DQG ZLQG SURGXFWLRQ D UDQGRP VHULHV RI WKH ZLVKHG
YDULDQFH LV VXSHUSRVHG 7KLV UDQGRP VHULHV LV DQ $5 LQ
RUGHU WR SUHVHUYH WKH WLPH GHSHQGHQFH EHWZHHQ WZR
FRQVHFXWLYHVIRUHFDVWV
)RU WKH EDVLF SDWWHUQ RI VRODU SURGXFWLRQ D VLWH LV FKRVHQ
ODWLWXGHDQG ORQJLWXGH LQRUGHU WR ILW UHDO FRQGLWLRQV KRXUV
RI VXQULVH DQG VXQVHW DPRXQW RI VRODU UHVRXUFH HWF 7KH
EDVLF WUDMHFWRU\ KDV EHHQ REWDLQHG DFFRUGLQJ WR WKH PHWKRG
SUHVHQWHG LQ >@)RU WKHZLQGSURGXFWLRQ WKHEDVLFSDWWHUQ
LVWKHRXWFRPHRIDUHDOZLQGIDUPQRUPDOL]HGWRWKHZLVKHG
UDWHGSRZHU
C. Batteries. 
%DWWHULHV DUH PRGHOOHG LQ D VLPSOH ZD\ PD[LPXP DQG
PLQLPXPFDSDFLW\DQGORVVHVFRQVLGHUHGDVFRQVWDQW
D. Energy and imbalance prices 
7KH DJJUHJDWRU PXVW SHUIRUP DOVR D IRUHFDVW RI WKH HQHUJ\
SULFHV IRU WKH GD\DKHDG HQHUJ\ SULFHV7KH VDPH SURFHGXUH
DVIRUGHPDQGDQGUHQHZDEOHJHQHUDWLRQLVIROORZHGKHUHWR
DEDVLFSDWWHUQRISULFHVDUDQGRPVHULHVFUHDWHGE\PHDQVRI
DQ$5VHULHVZLWKWKHGHVLUHGYDULDQFHLVDGGHG7KHEDVLF
SDWWHUQ FKRVHQ KHUH LV WKH GDLO\ PDUNHW HQHUJ\ SULFH RI D
JLYHQSHULRGLQWKH6SDQLVKZKROHVDOHPDUNHW
,PEDODQFH SULFHV KRZHYHU DUH PRGHOOHG LQ D VLPSOHU ZD\
VLQFH WKH\ DUH H[WUHPHO\ YRODWLOH7KH DJJUHJDWRU DVVXPHV D
FRQVWDQW UDWLR EHWZHHQ WKH LPEDODQFH DQG WKH HQHUJ\ SULFHV
7KLVUDWLRLVGLIIHUHQWIRUHDFKKRXURIWKHGD\
1RWHWKDWGLIIHUHQWVFHQDULRVRIGD\DKHDGSULFHVZLOOUHVXOWLQ
GLIIHUHQWVFHQDULRVRISRZHU WREHRIIHUHG7KHQDQRIIHULQJ
FXUYHLVREWDLQHGIRUHDFKKRXU7KLVUHSUHVHQWVWKHVHQVLWLYLW\
RIWKHHQVHPEOHRIWKHDJJUHJDWRU¶VFXVWRPHUVWRWKHSULFH
E. Scenario tree 
7R VROYH WKH DJJUHJDWRU SUREOHP D WZR VWDJHV VWRFKDVWLF
SURJUDPPLQJ LVXVHG7KHVHWVRIVFHQDULRV WKDWFKDUDFWHUL]H
WKHXQFHUWDLQW\FDQEHDUUDQJHGLQDV\PPHWULFVFHQDULRWUHH
ZKHUHWKHGHFLVLRQIUDPHZRUNLVJLYHQEHORZ
 ,Q WKH ILUVW VWDJH Ndp SULFH VFHQDULRV IRU WKH GD\DKHDG
PDUNHW DUH JHQHUDWHG WKH ILUVW GHFLVLRQV DUH PDGH
DFFRUGLQJWRWKHPDUNHWSULFHVDQGUHQHZDEOHSURGXFWLRQ
 )RU HDFK VFHQDULR RI WKH GD\DKHDG PDUNHW SULFHV Nrp
UHQHZDEOH SURGXFWLRQ UHDOL]DWLRQV DUH JHQHUDWHG 7KLV LV
WKH VHFRQG VWDJH ZKHUH WKH GHYLDWLRQ LQFXUUHG E\ WKH
DJJUHJDWRULVNQRZQ
7KHQXPEHURIWRWDOVFHQDULRVRIWKHWUHHDUHNw=Ndp.Nrp. 
,902'(/)2508/$7,21
7KH RSWLPL]DWLRQ SUREOHP WKDW SURGXFHV WKH RSWLPDO
ELGGLQJFXUYHVWREHVXEPLWWHGWRWKHGD\DKHDGPDUNHWE\DQ
DJJUHJDWRUKDVEHHQIRUPXODWHGDVIROORZV
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7KH REMHFWLYH IXQFWLRQ  LV WKH H[SHFWHG UHYHQXH RI WKH
DJJUHJDWRU IRU WKH SDUWLFLSDWLRQ LQ WKH GD\DKHDG PDUNHW ,W
LQFOXGHVWZRWHUPV7KHUHYHQXHSRVLWLYHRUQHJDWLYHIURP
WKH VDOH RU SXUFKDVH RI WKH HQHUJ\ DQG D WHUP SRVLWLYH RU
QHJDWLYHGXHWRWKHLPEDODQFH,WPXVWEHUHPDUNHGWKDWRQO\
RQH GLUHFWLRQ RI WKH QHW V\VWHP LPEDODQFH LV SRVVLEOH 7KH
ILUVW WHUP LV DIIHFWHG E\ WKH GDLO\ SULFH SUREDELOLW\ DQG WKH
VHFRQGLVDIIHFWHGE\WKHJOREDOSUREDELOLW\7KLVSUREDELOLW\
LV FDOFXODWHG DVVXPLQJ WKH WZR UDQGRP YDULDEOHV DUH
LQGHSHQGHQW 7KLV LV QRW VWULFWO\ ULJKW EXW WKH GHSHQGHQFH
EHWZHHQERWKYDULDEOHVFRXOGEHHDVLO\FRQVLGHUHG
3
(TXDWLRQ  GHILQHV WKH HQHUJ\ FRQVXPHGE\ WKH VFKHGXOHG
GHPDQG ZKLFK FDQ EH VKLIWHG WR KRXUV ZLWK ORZ HOHFWULFLW\
SULFHV WKURXJK WKH SODQQLQJ KRUL]RQ 7KHVH HTXDWLRQV FRXOG
EH UHIRUPXODWHG IRU WKH FDVH ZKHQ WKH FKDUJLQJ KRXUV DUH
OLPLWHG WR D JLYHQ VHW HJ WKH (9 GXULQJ QLJKW 7KLV
SRVVLELOLW\KDVQRWEHHQFRQVLGHUHGLQWKLVSDSHUEXWLWFRXOG
EHHDVLO\ LQFOXGHG(TXDWLRQ LV WKHHQHUJ\EDODQFH LQ WKH
EDWWHULHV 7KH FKDUJLQJ DQG GLVFKDUJLQJ F\FOHV KDYH
DVVRFLDWHG HIILFLHQFLHV 7KH PLQLPXP VWRUDJH ORVVHV KDYH
EHHQFRQVLGHUHGFRQVWDQW
(TXDWLRQ  GHILQHV WKHGHYLDWLRQRI WKH DJJUHJDWRU LQ HDFK
SHULRGDQGVFHQDULRLHWKHJDSEHWZHHQWKHHQHUJ\WUDGHGLQ
WKH GD\DKHDGPDUNHW DQG WKH DFWXDO JHQHUDWLRQ ,Q RUGHU WR
NHHSWKH OLQHDULW\RI WKHSUREOHPGHFRPSRVHV WKHHQHUJ\
LPEDODQFHLQWRSRVLWLYHDQGQHJDWLYHLPEDODQFHV7KLVPDNHV
SRVVLEOHQRWWRXVHELQDU\YDULDEOHVVLQFHWKHRSWLPDOVROXWLRQ
LV REWDLQHG ZLWK 
RU 
HTXDO WR ]HUR GXH WKH IDFW WKDW
  DQG  >@>@
&RQVWUDLQWV  DQG  VHW WKH OLPLWV RI WKH SRVLWLYH DQG
QHJDWLYHGHYLDWLRQV(TXDWLRQIRUFHVWKHELGGLQJFXUYHVWR
EH PRQRWRQLFDOO\ LQFUHDVLQJ DFFRUGLQJO\ WR WKH UXOHV RI WKH
6SDQLVKPDUNHW$WHDFKKRXUDQGVFHQDULRWKHHQHUJ\SULFHV
PXVW EH RUGHUHG LQ DVFHQGLQJ RUGHU +HUH QRQDQWLFLSDWLYLW\
FRQVWUDLQWVDUHQRWQHFHVVDU\ WKHUHZLOOEHRQO\RQHELGGLQJ
FXUYH IRU HDFK KRXU RI WKH GD\DKHDG PDUNHW ,Q  WKH
UDQGRPYDULDEOH LVGHILQHGDVWKHUHQHZDEOHSURGXFWLRQ
39ZLQGPLQXVQRQFRQWUROODEOHGHPDQG &RQVWUDLQWV
OLPLWWKHDPRXQWRISRZHUWKDWFDQEHSXUFKDVHGRUVROGLQWKH
GD\DKHDGPDUNHW DFFRUGLQJ WR WKH JULG UHTXLUHPHQWVZKLOH
± VHW WKHERXQGVRI WKHVFKHGXOHGGHPDQGVWRUDJH
SRZHUVDQGVWRUDJHHQHUJ\UHVSHFWLYHO\
9 &$6(678'<
7R WHVW WKH PRGHO ZH FRPSDUH LW WR D FRQYHQWLRQDO
GHWHUPLQLVWLFRSWLPL]DWLRQSUREOHPZKRVHHTXDWLRQVDUH
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VXEMHFWWR
&RQVWUDLQWVDQG
             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
7KHREMHFWLYHIXQFWLRQPD[LPL]HVWKHLQFRPHIURPWKHVDOHRI
HQHUJ\ RU PLQLPL]HV WKH FRVW RI SXUFKDVHG HQHUJ\
&RQVWUDLQWV    DQG  ±  DUH UHIHUUHG WR RQO\ RQH
VFHQDULRDQGFRQVWUDLQWVLVRISRZHUEDODQFH
7KH GDWD RI FRQVXPHUV DQG JHQHUDWRUV DUH WDNHQ IURP WKH
&,*5( EHQFKPDUN >@ &HUWDLQ '* XQLWV KDYH QRW EHHQ
LQFOXGHG5HVLGHQWLDOIXHOFHOO&+3GLHVHODQG&+3IXHOFHOO
EHFDXVHWKH\GRQRWDGGXQFHUWDLQW\WRWKHSUREOHP7KHWRWDO
LQVWDOOHGSRZHUFDSDFLW\ LVN:ZLWKN:RIZLQG
SRZHUDQGN:RISKRWRYROWDLF7KH WRWDO ORDG LV
N: ZLWK  N: RI QRQFRQWUROODEOH GHPDQG DQG 
N: RI VFKHGXOHG GHPDQG 7KH VWRUDJH FRQVLVWV LQ WZR
EDWWHULHV RI  N: DQG  N: DQG WKH FKDUJH DQG
GLVFKDUJHHIILFLHQF\LVFRQVLGHUHGDV
7KH GD\DKHDG PDUNHW DQG WKH LPEDODQFH SULFHV KDYH EHHQ
WDNHQ IURP WKH6SDQLVKHOHFWULFLW\PDUNHW IRU WKH\HDU
7\SLFDOGHPDQGSURILOHVKDYHEHHQWDNHQIURP5((>@7KH
WRWDOVFHQDULRVFRQVLGHUHGDUHIRUGD\DKHDGSULFHV
DQG  IRU QHW SRZHU UHQHZDEOH JHQHUDWLRQ PLQXV IL[HG
GHPDQG$IWHUDVFHQDULRUHGXFWLRQWHFKQLTXHWKHVWRFKDVWLF
SUREOHP LV IRUPXODWHG ZLWK  DQG  VFHQDULRV IRU HQHUJ\
SULFHVDQGQHWSRZHUUHVSHFWLYHO\
7KHSUHGLFWLRQVFHQDULRVV\QWKHVL]HGLQFOXGHVWKHGHSHQGHQFH
RI WKH SUHGLFWLRQV GXH WR WKH SUR[LPLW\ RI WKHVH FXVWRPHUV
VLQFH WKH\DUH ORFDWHGDW VKRUWGLVWDQFH )LJDE VKRZV
WKHGLVWULEXWLRQRIWKHXQFHUWDLQW\RIWKHSUHGLFWLRQVRISULFHV
DQGRIWKHYDULDEOH
 IRUDVDPSOHGD\8VLQJ
WKLV XQFHUWDLQW\ WKH SUREOHP JLYHV WKH ELGGLQJ FXUYH WKDW
ZRXOG PD[LPL]H WKH UHYHQXHV RI WKH DJJUHJDWRU RU
DOWHUQDWLYHO\ PLQLPL]H LWV SXUFKDVH FRVWV QRW WKH RQH WKDW
PLQLPL]HVGHLPEDODQFH7KHUHVXOWVGHSHQGVRQWKHYDOXHVRI
 DQG  $ JRRG HVWLPDWH RI WKHVH SDUDPHWHUV LV KHQFH
LPSRUWDQW ,Q WKH SDSHU WKH DYHUDJH KRXUO\ YDOXH RI WKHVH
SDUDPHWHUVLQWKHSUHYLRXV\HDUKDVEHHQFKRVHQ
)LJXUH +RXUO\GDWDIRUHFDVWVRID'D\DKHDGSULFHVDQGE5HQHZDEOH
SURGXFWLRQPLQXVIL[HGGHPDQG
2SWLPDOELGGLQJFXUYHVVHQWWRWKHPDUNHWIRUGLIIHUHQWKRXUV
RI D VDPSOH GD\ DUH GHSLFWHG LQ ILJ  (DFK KRXUO\ FXUYH
FRQVLVWVRIWHQSDLUVRIYDOXHVWKHQXPEHURISULFHVFHQDULRV
RIHQHUJ\DQGPDUJLQDOSULFH
7KHWRWDOSURILWRIWKHDJJUHJDWRUZLWKWKHSURSRVHGVWRFKDVWLF
PRGHOLVEHWWHUWKDQWKHGHWHUPLQLVWLFDVVKRZQLQ7DEOH,IRU
WKH VHOHFWHG \HDU  7KLV LV FDOFXODWHG VXSSRVLQJ WKH
GD\DKHDG PDUNHW KDV EHHQ FOHDUHG DQG D PDUJLQDO SULFH LV
DJUHHG &RQVLGHULQJ WRWDO VFHQDULRV DV DFWXDO IRUHFDVWV
UHYHQXHVFHQDULRV IRUERWKDSSURDFKHVDUHJHQHUDWHGDQG WKH
GLIIHUHQFHV SHU VFHQDULR DUH VKRZHG LQ ILJ  DZKHUH WKH
PHDQRI WKH\HDUO\ UHYHQXHGLIIHUHQFHV LV¼[)LJ
ELOOXVWUDWHVWKHNHUQHOGHQVLW\HVWLPDWLRQRIWKHLPEDODQFHV
UHJLVWHUHG LQ ERWK FRQVLGHUHG DSSURDFKHV WKH GHWHUPLQLVWLF
LPEDODQFHVDUHDURXQGWKHPHDQQHYHUWKHOHVV WKHVWRFKDVWLF
H[KLELWV D  RI SRVLWLYH LPEDODQFHV DQG D  RI
QHJDWLYHV LH 7KH DJJUHJDWRU ZLOO FKRRVH WR GHYLDWH LQ D
SRVLWLYH ZD\ LQ RUGHU WR KDYH D EHWWHU SURILW LW PHDQV WKDW
LPEDODQFH ZLOO EH QHJRWLDWHG LQ PDUNHWV QHDUHVW WR WKH
GHSOR\PHQW RI WKH SODQQLQJ KRUL]RQ 7KLV GHPRQVWUDWHV WKDW
4
WKH VWRFKDVWLF VWUDWHJ\ LV EHWWHU WKDQ GHWHUPLQLVWLF 7KH
RSWLPL]DWLRQSUREOHPZDVPRGHOOHGLQ0DWODEDDQGWKH
FRPSXWDWLRQWLPHIRUDSODQQLQJSHULRGRIKRXUVLVDURXQG
VHFRQGV
)LJXUH 2SWLPDOELGGLQJFXUYHV
7$%/(,
(;3(&7('352),72)672&+$67,&$1''(7(50,1,67,&675$7(*,(6
Stochastic Deterministic Difference 
(Euro x 106) (Euro x 106) (%) 
  
)LJXUH D<HDUO\UHYHQXHGLIIHUHQFHVSHUVFHQDULRXQGHUWKHVWRFKDVWLF
DQGGHWHUPLQLVWLFPRGHOE7KHNHUQHOGHQVLW\HVWLPDWLRQRIWKHLPEDODQFHV
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$PHWKRG IRU SURGXFLQJ RSWLPDO ELGGLQJ FXUYHV WR WKH GD\
DKHDG PDUNHW IRU DJJUHJDWRUV WDNLQJ LQWR DFFRXQW WKH
XQFHUWDLQW\RIWKHLUDYDLODEOHLQIRUPDWLRQKDVEHHQSUHVHQWHG
7KH SUREOHP KDV EHHQ PRGHOOHG DV D OLQHDU RSWLPL]DWLRQ
SUREOHPRIPRGHUDWHGLPHQVLRQ'LIIHUHQWFRQWUROODEOHORDGV
UHQHZDEOHJHQHUDWLRQDQGEDWWHULHVKDYHEHHQFRQVLGHUHGDQG
IXWXUH H[WHQVLRQV FRXOG EH DGGHG ZLWKRXW VSHFLDO SUREOHPV
7KH UHYHQXHV IRU DQ DJJUHJDWRU SDUWLFLSDWLQJ LQ WKH 6SDQLVK
PDUNHWIRUDVDPSOH\HDUKDYHEHHQIRXQGDQGFRPSDUHGWKH
UHVXOWV RI D FRQYHQWLRQDO GHWHUPLQLVWLF RSWLPL]DWLRQ
WHFKQLTXH\LHOGLQJEHWWHUUHVXOWV
)XWXUHH[WHQVLRQVRIWKLVZRUNZLOOFHQWHURQWKHSDUWLFLSDWLRQ
RIDJJUHJDWRUVLQWKHLQWUDGD\PDUNHWVDQGRQWKHDSSOLFDWLRQ
RI WKLV VFKHGXOH WR WKH LQGLYLGXDO FXVWRPHUV UHSUHVHQWHG E\
WKHDJJUHJDWRU
5()(5(1&(6
>@ &,5(' 6PDUW*ULGV RQ WKH'LVWULEXWLRQ/HYHO ±+\SH RU9LVLRQ" 
&,5('¶V SRLQW RI YLHZ  )LQDO 5HSRUW ,QWHUQDWLRQDO
&RQIHUHQFHRQ(OHFWULFLW\'LVWULEXWLRQ
>@ ' 3XGMLDQWR & 5DPVD\ DQG * 6WUEDF ³9LUWXDO SRZHU SODQW DQG
V\VWHPLQWHJUDWLRQRIGLVWULEXWHGHQHUJ\UHVRXUFHV´Renewable Power 
Generation,(7YROQRSS
>@ 0RPEHU 7 *yPH] DQG / 6|GHU ³3(9 IOHHW VFKHGXOLQJ ZLWK
HOHFWULFLW\PDUNHWDQGJULGVLJQDOV´LQInternational Conference on the 
European Energy Market(EEM),YROWK6WRFNKROP6ZHGHQ,(((
0D\
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Power SystYRO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
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